Background and Objective: Islet autotransplantation is performed to preserve endocrine function in patients undergoing pancreatic resections for painful chronic pancreatitis. We characterized islets isolated from chronic pancreatitis patients (CP) of tropical region. Patients and Methods: Pancreatic tissues were obtained from CP patients with and without diabetes undergoing pancreatic resections (n = 35) and brain-dead multi organ donors (n = 6; considered as controls). Islets isolated were assessed for yield, purity, viability and in vitro islet function (Glucose stimulated insulin release, GSIR) as per standard protocols. Results: Islets from CP patients without diabetes were similar to controls in yield (control 4120 -6100 IE/g, CP 3550 -5660 IE/g), purity (control 78% ± 12%, CP 70% ± 8.2%) and viability (control 85% ± 8%, CP 81% ± 10%) and islets from CP patients with diabetes showed decreases in yield (3002 -2300 IE/g), purity (61% ± 16%) and viability (62% ± 21%). Islets measuring 50 -200 µ were similar in abundance in controls (94.74% ± 3.2%) and CP patients with and without diabetes, 86.31% ± 4.9%, 91.03% ± 3.8%. GSIR of islets from CP patients and controls were similar at 5.5 mM glucose (2.8 -3.1 µU/ml). However, GSIR at 16.5 mM glucose was decreased in CP patients (control 18.5 ± 0.6, CP without diabetes 11.8 ± 0.3, CP with diabetes 4.3 ± 0.3 µU/ml). Conclusion: Our results demonstrate suitability of islets isolated from CP patients of tropical region for autotransplantation.
Introduction
Islet autotransplantation (IAT) is an accepted treatment option for chronic pancreatitis (CP) patients undergoing pancreatic resections [1] - [12] . Total pancreatectomy followed by islet autotransplantation (TPIAT) is performed in many western countries to relieve intractable pain, preserve endocrine function and improve quality of life in patients with chronic pancreatitis [13] , with autografts being more durable than allografts [14] . About one third of the adult patients with CP receiving IAT are insulin independent, with another one third being partially independent and requiring minimal dose of insulin. CP patients who did not achieve insulin independence after IAT had partial graft function and did not experience morbidity due to brittle diabetes [1] . A recent meta analysis of TPIAT by Wu et al. has indicated that islet autotransplantation is safe for CP patients requiring pancreatic resections for pain relief [15] . However, several issues including timing of TPIAT, identification of patients who may benefit from TPIAT, predictable islet isolation outcomes, etc., need to be addressed to improve long term functions of transplanted islets [1] [15] . Despite such limitations, improvements in isolation techniques to increase islet yield for better clinical outcomes have been reported [16] .
Prevalence of chronic pancreatitis in South East Asian countries, more so in South India, is comparatively higher (114 -200/100,000 populations in southern India) than in western countries (10 -15/100,000) [17] . Presence of large dense pancreatic calculi, ductal dilatation and early onset endocrine dysfunction in nonalcoholic younger generation renders CP a distinct phenotype in India [18] . Etiology of CP in western countries is mainly due to alcohol consumption, while ≈ 60% -70% of CP in India and China are reported to be idiopathic in nature [17] . Though the etiopathogenesis of CP is still not clear, genetic, nutritional and inflammatory factors have been implicated in the disease that leads to abdominal pain, maldigestion and diabetes. Importantly, diabetes in these CP patients is ketosis-resistant, often brittle and difficult to attain normoglycemia with conventional treatment requiring multiple doses of insulin [19] .
In pursuit of initiating islet autotransplantation to benefit CP patients from tropical region affected with severe form of the disease at young age, we isolated islets from resected pancreatic tissues obtained from these patients as well as from pancreata obtained from brain dead multi organ donors (MODs; considered as controls) and assessed the suitability for autotransplantation. Our results demonstrate presence of viable islet mass secreting insulin in response to glucose challenge in CP patients with and without diabetes.
Materials and Methods

Pancreas Procurement and Preservation
The protocols were approved by the institutional review board and all the patients had given informed consent. Patients with documented CP, as evidenced by pancreatic calcifications on CT scan, ductal or parenchymal abnormalities on secretin stimulated magnetic resonance cholangiopancreatography (MRCP) and histopathological confirmation, and undergoing either lateral pancreaticojejunostomy or distal pancreatectomy or Whipples procedure as a surgical treatment modality were included (n = 310). Severity of CP was evaluated on parenchymal assessment by endoscopic ultrasonography (EUS) and ductal morphology by endoscopic retrograde cholangiopancreatography (ERCP). Based on Cambridge classification [20] and histopathological grading of fibrosis [21] [22] patients were categorized either as patients with mild or with severe CP. Based on fasting blood glucose levels CP patients were further categorized into those with and without diabetes. Tissue resected from tail region (10 -20 g) of pancreata (n = 35) upon distal pancreatectomy was used for islet isolation and characterization. CP patients below 18 years of age and those with acute exacerbation of chronic pancreatitis, pancreatic cancer and inability to give informed consent were excluded.
Pancreata (n = 6) were obtained from brain dead MODs with the consent of the relatives and permission from Jeevan Daan committee located in Hyderabad. Pancreata were retrieved as per standard protocol by the organ retrieval committee while retrieving other organs. Immediately after pancreatic resection the specimen was immersed in cold University of Wisconsin solution and sent to islet isolation facility. Pancreata from brain dead donors were used for standardizing islet isolation for clinical transplantation and comparing islet functions with that obtained from CP pancreata before initiating islet transplantation in CP patients.
Islet Isolation
Islets were isolated from the pancreatic tissue (10 g from tail region) of brain dead MODs as well as from pan-creatic specimens resected (10 g, distal pancreatectomy specimens) from CP patients. All the procedures were conducted within the islet isolation facility, established as per cGMP requirements. The pancreatic specimens were cleaned of surrounding fat, muscle, connective tissues and washed thrice with RPMI 1640 nutrient medium.
Islets were isolated from MOD pancreas as per the semi-automated Ricordi isolation method [23] . The main pancreatic duct was cannulated with a 24 gauge catheter and infused with collagenase V solution (2.5 mg/gm of pancreas, Sigma/Roche, USA) using a peristaltic pump under recommended conditions of pressure (60 -180 mmHg), flow rate (>30 ml/min), temperature (6˚C -16˚C) and time (~15 minutes). For isolating islets from pancreatic tissue obtained from CP patients, visible ducts in the resected tissue were located and infused with collagenase V solution (2 -3 mg/gm of resected pancreas) manually using a needle and 20 cc syringe over a period of 15 minutes. For samples with extensive parenchymal fibrosis and calcifications, interstitial perfusion was performed manually by injecting the enzyme solution in to pancreatic tissue. The tissue was then chopped into small pieces and digested with collagenase V (20 -25 mg collagenase/10gms pancreas) at 37˚C for 10 -30 minutes in a Ricordi chamber; longer periods of incubation were resorted for digestion of severely fibrosed tissue. Progression of digestion was continuously monitored by microscopic examination of aliquots for release of islets by staining with dithizone. When islets were free from acinar tissue, digestion was arrested by dilution and cooling of the enzyme solution with large volumes (4 -5 L) of Hank's solution at 4˚C. The resultant, dispersed pancreatic islets were centrifuged using opti prep based density gradient centrifugation for purification [24] . Isolated islets were assessed for viability and functional efficacy as described below apart from evaluating the sample for its sterility.
Histological Examination of Isolated Islets
Morphological and histological characters of islets within pancreatic tissue from tail region were assessed (before subjecting the tissue for islet isolation) by staining with hematoxylin-eosin, Masson's trichrome and immnuostaining employing standard protocols with minor modifications [25] [26] . In addition, morphological integrity and endocrine cell composition of isolated islets was determined after culturing islets on a cover slip and immnuostaining with guinea pig anti-insulin, mouse anti-glucagon, rabbit anti-somatostatin and rabbit antipancreatic polypeptide antibodies and fluorescent tagged secondary antibodies (goat anti guinea pig alexa 488 for insulin, anti-mousealexa 546 for glucagon, anti-rabbitalexa 546 for somatostatin and pancreatic polypeptide; Santacruz Biotechnologies, USA). All fluorescent images were captured using a CARV II bioimager (BD Bio Sciences, USA).
Islet yield was estimated after isolation by counting dithizone (DTZ)-stained islets in 10 µl of homogenous suspension using Olympus microscope (CX41, Tokyo, Japan). Briefly, islets were stained with 10 μl 0.1% DTZ solution made in Krebs Ringer bicarbonate buffer (pH 7.4) containing 10mM HEPES and incubated at 37˚C for 10 to 15 min. The stained islets were counted under an inverted microscope (Olympus CX 41; Olympus Corporation, Tokyo, Japan) immediately after isolation and expressed as islet equivalents (IEQ/g). Islet purity was obtained upon counting the relative number of DTZ-stained cells among all the pancreatic cells and expressed as percentage [24] .
Islet viability was determined in all the samples using calcein AM, propidium iodide double fluorescence membrane integrity assay to assess the amount of live (green colored) versus dead (red colored) cells [27] . Islets were initially incubated with 0.5 mM calcein-AM at 37˚C for 45 min following by incubation with 10 µl PI (Propidium Iodide) for 15 min at room temperature in the dark. The stained cells were then washed with PBS and visualized under fluorescent microscope (Olympus CX 41; Olympus Corporation, Tokyo, Japan) attached with digital ProgResC5 cool camera and Capture Pro software (version 2.5).
In Figure 3 the islet size was measured on pancreatic tissue histology. Five blocks per pancreas were prepared from the tail region of each pancreatic specimen. 20 serial sections of 5 µ thickness were sliced from each block. Sections 50 µ apart were used for counting islets. Islet size was measured by capturing islet images in five regions in each section using 4x objective to count islet numbers. One hundred islets were marked for measuring the islet size using 20x objective. Islet diameter in µm was measured by drawing a line across the islet as mentioned earlier Balamurugan et al., using Olympus microscope employing ProgResC5 cool camera and CapturePro software (version 2.5). Care was taken to avoid measuring same islet. Islets of different sizes (50 -150 µm, 150 -200 µm and >200 µm) were counted separately and represented in percentages (mean ± SD).
Functional Assessment of Isolated Islets; Glucose Stimulated Insulin Secretion
Islet equivalents measuring approximately 150 µm in diameter (n = 50) from controls and CP patients were subjected to static insulin secretory functions on exposure to basal and high glucose concentrations as described earlier [28] following the method by Bottino et al. [29] . Insulin secreted into the medium by isolated islets in response to basal (5.5 mmol/L) and high (16.5 mmol/L) glucose stimulation, was measured in triplicates by enzyme-linked immunosorbent assay (Mercodia, Uppsala, Sweden) and reported in terms of micro units of insulin released per minute/islet. Insulin content and islet DNA content were measured once after isolation as recommended [29] .
Statistical Analysis
The data are expressed as mean ± SD and were analyzed by Analysis of variance (ANOVA). Pair wise comparison was made by Scheffe's test to compare between the groups using SPSS, 20th version. P < 0.05 was considered significant.
Results
Patient Characteristics
A total of 41 subjects (35 CP patients and 6 MODs) were included in the study to characterize islet functions. All the CP patients (22 males, age 34.9 ± 13) showed intra ductal calcifications, dilated ducts and pancreatic atrophy on radiological examination and Inter lobular acinar atrophy, fibro collagenous tissue with intact islets on histopathological examination. Pancreatic specimens obtained from MODs (5 males, age 25 ± 23) during 2012-2013 were considered as controls in this study. Brain death in the MODs was mainly due to road accidents except for one donor with cardio respiratory failure (female, 30 years). Patients with chronic pancreatitis undergoing pancreatic resections during 2009-2013 (n = 310) were considered for this study and 248 of them were diagnosed to have CP with involvement of the main pancreatic duct. Pancreatic tissue from 192 patients undergoing pancreaticojejunostomy and 21 patients undergoing other surgeries were not used for islet isolation. Pancreatic tissue (10 -20 g, from tail region of the pancreas) was obtained from CP patients undergoing distal pancreatectomy (n = 35, Figure 1 ). Among these, patients with focal lesions on CT scan, parenchymal heterogeneity observed on EUS and intralocular fibrosis were considered to be patients with mild CP (n = 12) and all of these patients were non diabetic. Patients with increased ductal wall echoes on CT scan, dilatation, calcifications and calculi in the main pancreatic duct as well as inter-acinar fibrosis were considered to be having severe pancreatitis (n = 23). Out of the 35 CP patients included for characterization of islets, 12 patients who had fasting blood glucose 114 ± 16 mg/dl, decreased C-peptide 0.91 ± 0.52 ng/ml and HbA1C 8.63% ± 1.87% were diagnosed to have severe CP with diabetes (type3C); the remaining 23 patients with fasting blood glucose 81 ± 17 mg/dl, C-peptide 1.6 ± 0.95 ng/ml and HbA1C 6.11% ± 0.95% levels were considered to be CP patients without 
Islet Yield
Islet yield in CP patients without diabetes was not significantly different (Islets/g 4655 ± 550; IEQ/g 5786 ± 98) in comparison to controls (Islets/g 5186 ± 885; IEQ/g 5653 ± 211). However, the yield was significantly lower (Islets/g 2348 ± 385; IEQ/g 2464 ± 52) in CP patients with diabetes (P < 0.01). Purification by density gradient centrifugation resulted inislets with 78% ± 12% purity in controls, 70% ± 8.2% in CP patients without diabetes and 61% ± 16.5% in CP patients with diabetes ( Table 1 ).
Islet Size
Measurement of islet size from controls as well as CP patients revealed small (50 -200 µm) and large (>200 µm) categories of islets. Islets measuring below 50 µm were not considered. Islets measuring 50-200 µm were similar in numbers and represented 94.74% ± 3.2% in controls, 86.31% ± 4.9% in CP patients with diabetes and 91.03% ± 3.8% in CP patients without diabetes. However, islets measuring >200 µm were present in higher numbers in CP patients with diabetes (7.0% ± 2.4%) and in CP patients without diabetes (9.08% ± 3.1%) in comparison to controls (5.16% ± 1.40%) as shown in Table 1 .
Histological Examination and Islet Viability
Histological examination and immunostaining of isolated islets showed the presence of α (glucagon+), β (insulin+), δ (somatostatin+) and pancreatic polypeptide (PP) secreting cells in the islets isolated from control as well as CP patients with and without diabetes. (Figure 2 panel B) . A significant decrease in viability of islets was observed in CP patients with diabetes (62% ± 21%; P > 0.05) as compared to those without diabetes (81% ± 10%) and controls (85.5% ± 8.9%) as shown in Figure 3. 
Islet Functions
Similar to our earlier report on GSIR of islets in CP, Glucose stimulated insulin secretion by the islets from controls, CP patients with and without diabetes was similar at basal glucose concentration (2.8 -3.1 µU/min/50islet). In comparison to controls (18.5 ± 0.6 µU/min/50islet), insulin secretion in response to high glucose in culture Depicts islets isolated from controls and CP patients with and without diabetes. Islets were stained with dithizone for purity (left column), Calcein AM and propidium iodide for viability (middle column); Green indicates viable mass and red indicates nonviable mass. Viable islets are seen in controls and CP patients although viability is decreased in CP patients with diabetes. Islet size in the three groups is depicted in the last column.
7 medium was decreased by islets from CP patients without diabetes (11.8 ± 0.3 in mild and 8.4 ± 0.5 µU/min/50 islet in severe CP). Islets from CP patients with diabetes showed very minimal response to high glucose challenge (4.3 ± 0.3 µU/min/50islet) as shown in Figure 4 . GSIR of islets isolated from control and CP patients with DM and CP patients without DM shows a progressive decrease in GSIR of islets from control to mild, mild to severe and control to CP with diabetes and CP without diabetes to CP with diabetes. P < 0.001
Insulin content for smaller sized islets (50 -150 µm) was 420 ± 130 µU/islet in CP and 460 ± 158 µU/islet in controls with the DNA contents being 19 ± 8 ng/islet in controls and 17 ± 9 ng/islet in CP. Stimulation index (SI), as expressed by dividing basal insulin over high glucose insulin release was 6.1 ± 2.3 in controls, 5.3 ± 1.9 in CP without diabetes and 1.8 ± 1.1 in CP with diabetes.
Discussion
Earlier studies have shown the beneficial effects of islet autotransplantation in chronic pancreatitis patients who undergo total/near total/partial pancreatectomy for pain relief. Such attempts are not made in India, wherein the phenotype of CP is distinct and patients present with large ductal stones, severe fibrosis and early onset of diabetes. This study was conducted primarily to characterize the islets isolated from CP patients with and without diabetes. We assessed islet viability, evaluated function of islets, compared with islets isolated from MOD sand demonstrate suitability of islets isolated from CP patients for autotransplantation.
It is well established that glycemic control in islet graft recipients depends upon the islet mass and quality of islets infused. Islet yield obtained in CP patients without diabetes was not significantly different from that of control (Table 1) , while the yield was significantly decreased in CP patients with severe pancreatitis. Though the number of islets isolated in CP patients with diabetes was significantly decreased, islets could be isolated even in CP patients with diabetes, which is akin to the observations of a recently published data [30] . In addition, Takita et al. have demonstrated that glycemic control was excellent in both mild and advanced chronic pancreatitis patients who received total pancreatectomy with islet autotransplantation even when the yield was decreased [31] . Researchers at University of Minnesota demonstrated that of the CP patients receiving 2500 -5000 IEQ/kg, nearly one fifth were insulin independent and one eighth of patients among those receiving <2500 IEQ/kg achieved insulin independence at the end of 3 years [1] . The majority of CP patients receiving IAT after pancreatectomy, were shown to have islet graft function (C-peptide positive) and hemoglobin A1C levels in the range of <7% [1] . Therefore, islet yield obtained from CP patients with and without diabetes seems to be adequate for use in IAT. However, due caution is to be exercised during islet isolation to clear the calcifications before enzyme infusion into the duct, since the calcifications might cause mechanical injury and loss of function of islets.
The majority of islets in CP patients were between 50 -200 µm in size; 94.74% ± 3.2% in controls, 86.31% ± 4.9% in CP patients with diabetes and 91.03% ± 3.8% in CP patients without diabetes, although the number of islets measuring >200 µ were increased. A study by Suszynski et al. involving 58 CP patients established that those who receive marginal dose of islets were likely to achieve insulin independence if the graft transplanted had greater number of smaller islets [32] . Since smaller islets contribute 80% -90% of the isolate in CP patients, function of the graft could likely be efficient.
Presence of viable islet mass in CP patients with and without diabetes (62% ± 21% and 81% ± 10% respectively) indicated that the islets if transplanted could help stabilize glycemic control. These findings are similar to a proof of concept study which demonstrated that significant islet mass could be isolated from CP patients with c peptide positive diabetes. Even if glycemic control cannot be completely achieved, these studies have demonstrated that C peptide secreting viable islet mass could at least avoid microvascular complications of diabetes [30] . Islet cluster integrity as evidenced by the presence of α (glucagon+), β (insulin+), δ (somatostatin+) and polypeptide+ cells indicate that the tight coordination of insulin gene expression can be maintained in CP patients.
Glucose stimulated insulin release function of islets from control and CP patients at basal glucose concentration indicate presence of viable mass secreting insulin at basal level. However, decreased response by islets from CP patients without diabetes and minimal response by islets from CP patients with diabetes at high glucose concentration indicate β cell dysfunction. This result is in accordance with our earlier study and could be due to long standing exposure to the inflammatory microenvironment that is prevalent in chronic pancreatitis. HbA1C levels of 6.11% ± 0.95% in CP patients without diabetes indicate existence of glucose intolerance. Decreased in vitro GSIR (~50% -60% of control; Figure 4 ) by islets from these patients could result in glucose intolerance. This result corroborates with our earlier finding demonstrating β cell dysfunction even in non-diabetic CP patients [33] . Gradual decrease in GSIR by islets from controls to CP without diabetes (mild, severe) and to CP with diabetes clearly demonstrates a progressive dysfunction/damage of the islets as the disease progresses. Presence of viable islet mass with a progressive decrease in response to high glucose demonstrates the effect of inflammation on the function of islets. Therefore moving the viable islets from chronic inflammatory milieu to a non inflamed environment before the islets are damaged might improve the high glucose response of the islets from CP patients with and without diabetes. Takita et al. and others have demonstrated that CP patients with preexisting diabetes receiving IAT also maintained good glycemic control [31] . This is probably due to shifting the viable islets from inflamed pancreas to non inflamed environment in the liver. To date there are no data demonstrating permanent damage to the islets in CP. Many investigators also demonstrated that C peptide positive viable β cell mass maintain functions of transplanted islets to the extent that microvascular complications caused by diabetes can be avoided [34] . This study describes the characteristic of islets isolated from CP patients and further studies are focused on assessing the glucose homeostasis in CCP patients after autologous islet transplantation.
Conclusion
In conclusion, our results demonstrate presence of significant viable and functional islet mass in CP patients with and without diabetes and their suitability for autotransplantation.
